Sam68 (Src-associated in mitosis, 68 kDa) is a KH domain RNA binding protein implicated in a variety of cellular processes, including alternative pre-mRNA splicing, but its functions are not well understood. Using RNA interference knockdown of Sam68 expression and splicing-sensitive microarrays, we identified a set of alternative exons whose splicing depends on Sam68. Detailed analysis of one newly identified target exon in epsilon sarcoglycan (Sgce) showed that both RNA elements distributed across the adjacent introns and the RNA binding activity of Sam68 are necessary to repress the Sgce exon. Sam68 protein is upregulated upon neuronal differentiation of P19 cells, and many Sam68 RNA targets change in expression and splicing during this process. When Sam68 is knocked down by short hairpin RNAs, many Sam68-dependent splicing changes do not occur and P19 cells fail to differentiate. We also found that the differentiation of primary neuronal progenitor cells from embryonic mouse neocortex is suppressed by Sam68 depletion and promoted by Sam68 overexpression. Thus, Sam68 controls neurogenesis through its effects on a specific set of RNA targets.
Alternative splicing allows multiple functionally distinct mRNAs and proteins to be generated from a single gene, greatly enhancing the coding potential of the genome. Splicing patterns are controlled by RNA binding proteins that recognize specific splicing enhancer and silencer elements in the premRNA to alter spliceosome assembly, and variation in the expression of these proteins leads to tissue-specific exon use (5, 38) . Splicing within a single cell can also be dynamically controlled by extracellular stimuli, although how this information is transmitted to splicing regulatory proteins is not yet known (55) .
Sam68 is a nuclear RNA binding protein implicated in various aspects of mRNA metabolism, including splicing, nuclear export, somatodendritic transport, and translation. Sam68 belongs to the family of GSG (GRP33, Sam68, GLD1) or STAR (signal transduction and activation of RNA) domain proteins. This domain includes a central KH (hnRNP K homology) RNA binding domain flanked by conserved N and C termini (36, 54, 59) . The GSG domain in Sam68 binds to RNA motifs that are rich in A or U, such as UAAA or UUUA, and also mediates homodimerization (9, 31) . Sam68 contains a variety of other protein domains that allow its interaction and modification by multiple signaling pathways. These many regulatory interactions and posttranslational modifications affect the RNA binding activity and localization of Sam68 and make it an appealing molecule for transducing information from signaling systems to pathways of mRNA metabolism (13, 33, 46, 51, 60) .
Sam68 is localized primarily in the nucleus as observed by immunofluorescence, consistent with its role in alternative splicing. Sam68 helps regulate the splicing of CD44 variable exon v5 in response to phosphorylation by extracellular signalregulated kinase in T lymphoma cells (39) . Sam68 binds to exonic regulatory elements of v5 and cooperates with the splicing coactivator SRm160 (10, 39) . In other studies, the Brm1 subunit of the SWI/SNF chromatin remodeling complex was shown to induce CD44 v5 inclusion upon mitogen-activated protein kinase activation. This activation is required for Sam68 association with v5 (3). Sam68 also regulates the alternative splicing of the apoptotic regulator Bcl-x, where it cooperates with hnRNPA1 to induce a switch from the antiapoptotic (Bclx L ) to the proapoptotic (Bcl-x S ) isoform (45) . Sam68 was also shown to cross-link to an intronic regulatory sequence of the ␤-tropomyosin pre-mRNA, although its effect on splicing is not yet clear (22) . The small number of confirmed Sam68 premRNA targets has limited our understanding of both its mechanisms of action and its cellular role.
Here, we identify a novel set of target RNAs whose splicing is regulated by Sam68. We show that Sam68 promotes neuronal differentiation, a process during which many of these new target mRNAs undergo Sam68-dependent changes in splicing regulation.
MATERIALS AND METHODS
Cell culture. HEK 293T cells and N2A cells were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. P19 cells were cultured and differentiated as described previously (63) . Embryonic day 11.5 mouse central nervous system tissues were dissected and mechanically dissociated with Pasteur pipettes (17) . Dissociated cells were plated on coverslips coated with polyornithine (10 g/ml) and fibronectin (10 g/ml) with serum-free Dulbecco's modified Eagle's medium-F-12 medium supplemented with B27, penicillin-streptomycin (50 U/ml and 50 g/ml, respectively; Invitrogen, La Jolla, CA). Cultures were fed with 10 ng/ml basic fibroblast growth factor (bFGF) at the time of plating (18) . The cells were passaged by gentle dissociation with Accutase (Innovative Technology). Neuronal progenitor cells (NPCs) were passaged at least three times before lentiviral transduction.
RT-PCR assay. Cytoplasmic RNA was isolated using NP-40 lysis, followed by proteinase K digestion and phenol-chloroform extraction. Reverse transcription-PCR (RT-PCR) was performed as described previously (7) . The primers used for RT-PCR are listed in Table S3 of the supplemental material.
Plasmid constructs. The cDNA for the mouse Sam68 was cloned from BAC clone 3490667 (Image Clones) into pcdna 3.1(-) as an EcoRI-BamHI fragment using the primers listed in Table S3 of the supplemental material. The G178E and I184N mutations were made by PCR. The wild-type Sgce mini-gene construct (Sgce WT) contains the complete genomic sequence of the SGCE gene from exon 7 to exon 9 (Sgce_2, seg 15 to seg 19). The DNA fragment was generated from the bacmid clone RP23-281I15 (IMAGE Consortium) by PCR. Following restriction digestion, the PCR product was cloned in the EcoRV-Not1 site of the mammalian expression vector pCDNA3.1. Deletion mutants were generated by PCR and verified by sequencing.
Short hairpins were designed to target the 3Ј untranslated regions of Sam68. The hairpin constructs were generated by annealing two synthetic oligonucleotides and cloning into the Bbs1 site of psiRNA-W (H1.4). The oligonucleotides are listed in Table S3 of the supplemental material. The H1-RNA cassette was excised from the psiRNA-W (H1.4) construct and cloned into the Nhe1 site of a lentiviral vector (LVCMV GFP) (41) . The cDNAs encoding the wild-type mouse Sam68 was subcloned into the EcoRI site of the lentiviral vector FUCGW (61) .
Microarrays. Oligonucleotides and microarray design have been described previously (8, 11, 56) . The cDNA labeling, microarray hybridization, and scanning were performed as described previously (8) . Scanned image data were analyzed using GenePix Pro6 software (Axon) as described previously (56) . Briefly, each spot was defined within a grid layout over the image. Flagging criteria were applied to exclude bad spots, as detailed elsewhere (56) . For each channel, the median values of the qualified spots were determined after subtraction of local background intensities. The result files generated from the GenePix Pro 6 were then analyzed in R using Bioconductor as described previously (8) .
Word frequency analysis. To derive the control set of exons, a set of 10,000 constitutive exons defined earlier (28) were mapped to the mouse genome using BLAST. Exons with canonical 5Ј and 3Ј splice sites (GT-AG) and their upstream and downstream sequences were retrieved. Word frequency analysis (Wilcoxon rank-sum test) was applied to the experimental and control exon sets to assess the UAAA and UUUA word enrichment in the Sam68-regulated exons and their flanks (48) .
Western blot analysis. Cell lysates were prepared by resuspending pelleted cells in Phospho-Safe extraction reagent (Novagen) containing Benzonase (Sigma). The lysates were diluted with Laemmli buffer and resolved in sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. Gels were run under standard electrophoresis conditions and were transferred to a nitrocellulose membrane (Protran) using the Novex gel transfer system (Invitrogen). Primary antibody dilutions were as follows: anti-Sam68 (1:1,000; AD1 peptide polyclonal; Upstate), anti-Flag (1:5,000; Sigma), anti-TuJ1 (1:500; Covance), anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH; 1:400,000; Fitzgerald). Immunoblots were developed using enhanced chemiluminescence. Quantitative immunoblot analysis was performed with Cy5-or Cy3-labeled secondary antibodies (GE Healthcare). The blots were scanned on a Typhoon PhosphorImager and quantified using ImageQuant 5.1 software (Molecular Dynamics).
Flag-tagged protein purification. The Flag-Sam68 wild-type and mutant expression plasmids (G178E and I184N) were transfected into 293T cells. The cells were harvested after 48 h for total protein isolation. The cells were washed in phosphate-buffered saline (PBS)-EDTA solution and lysed in 5 volumes of lysis buffer (20 mM HEPES-KOH, pH 7.5, 500 mM KCl, 2 mM EDTA, Complete EDTA-free protease inhibitor, 0.5 mM dithiothreitol [DTT], 0.6% NP-40). The lysates were centrifuged for 10 min at 12,000 ϫ g at 4°C and the pellets were discarded. The supernatants were incubated with preequilibrated anti-Flag M2 agarose beads (Sigma) for 3 to 4 h at 4°C with shaking. The volume of beads was determined according to the manufacturer's instructions. After incubation the resin was centrifuged at 10,600 ϫ g for 1 min and the supernatants were removed. The beads were washed three times with wash buffer (20 mM HEPES-KOH, pH 7.5, 300 mM KCl, 0.05% NP-40) and one time with a similar buffer with 150 mM KCl. The Flag-tagged proteins were eluted under native conditions with a buffer containing Flag peptide (150 ng/l, final concentration). Elution was carried out at 4°C for 1 h. Following incubations the resin was centrifuged for 5 s at 10,600 ϫ g, and the supernatants were collected and dialyzed in buffer DG (20 mM HEPES-KOH, pH 7.9, 20% glycerol, 80 mM potassium glutamate, 0.2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM DTT).
Electrophoretic mobility shift assay. A constant concentration of radiolabeled RNA (50 pM) was equilibrated with various concentrations of Flag-Sam68 (50 nM to 1.5 M) in binding buffer (20 mM HEPES at pH 7.6, 20% glycerol, 80 mM potassium glutamate, 100 ng/l tRNA, 0.02% NP-40, 6 mM MgCl 2 , 1 mM DTT). All reaction components except the RNA probe were mixed and incubated for 5 min at 30°C; the RNA probe (50,000 cpm, ϳ100 fmol) was then added and incubated for another 25 min at 30°C. After incubation an equal volume of RNA loading dye (glycerol containing 0.25% [wt/vol] bromophenol blue, 0.25% [wt/ vol] xylene cyanol) was added to each reaction mixture. Each reaction mixture was loaded onto a prerun native polyacrylamide gel (6% [wt/vol] 29:1 acrylamide-bis-acrylamide, 0.5ϫ Tris-borate-EDTA). Gels were resolved at 100 V for 4 h before they were dried and exposed to a PhosphorImager screen and visualized as described above.
Immunofluorescence. The cells were plated on poly-L-lysine-coated coverslips, fixed with 4% paraformaldehyde-PBS for 20 min, permeabilized with 0.5% Triton-PBS for 10 min, and blocked with 1% goat serum in PBS for 1 h. The cells were then incubated with primary antibodies at 4°C overnight. The coverslips were rinsed with PBS followed by incubation with Alexa-conjugated secondary antibodies for 1 h at room temperature. Following incubation the coverslips were rinsed with PBS and mounted (Vectashield). Primary antibodies were used at the following concentrations: anti-Sam68 (1:2,000) and anti-Tuj1 (1:500). Secondary antibodies Alexa 350 anti-mouse immunoglobulin G and Alexa 568 anti-rabbit immunoglobulin G (Molecular Probes) were used at a 1:1,000 dilution. Images in Fig. 4A , 5A, 6A, and 7A, below, were taken with an inverted microscope (Eclipse 2000-S; Nikon) using a Plan Fluor 20ϫ/0.50 objective. Images were acquired at room temperature using an RT-KE Slider (diagnostic) camera and Spot advanced software. Images were acquired as TIFF files, and Canvas 9 software was used for composing the panel. For measuring the ␤-tubulin III index in the shSam68 versus control cells, ϳ1,000 green fluorescent protein (GFP)-positive cells were scored from three experiments. In the case of the Sam68 overexpression experiment, ϳ300 cells were counted. Statistical analysis was performed with the paired two-sample Student t test.
Transfections. N2A cells were plated at a density of 2.5 ϫ 10 5 cells/ml. DNA/Lipofectamine 2000 (Invitrogen) complexes were assembled according to the manufacturer's protocol using 20 g of DNA and 50 l of Lipofectamine 2000. The complexes were added to plated cells. Cells were harvested after 3 days for isolation of protein and RNA, and knockdown was tested by immunoblotting. For transient coexpression assays 293T cells were plated at a density of 1 ϫ10 5 to 2 ϫ10 5 cells in 1 ml of growth medium 1 day before transfection. The transfection was performed in a 12-well format. The transfection was carried out with Lipofectamine 2000 as per the manufacturer's instructions. Each transfection mixture contained 1.5 g of DNA. In each transfection reaction mixture, 750 ng of reporter plasmid, 500 ng of expression plasmid, and 250 ng of pEGFPN1 plasmid was used. Cells were harvested 22 to 24 h after transfection for isolation of total protein and cytoplasmic RNA.
Lentivirus preparation and infection. Recombinant lentiviruses were produced as described previously (32, 47) . Infections were performed with lentivirus (titer, 2 ϫ 10 7 ) in the presence of 4 g/ml Polybrene (Sigma). All procedures were performed under the University's safety regulations for lentivirus usage.
RESULTS
Microarray analysis identifies many novel splicing targets for Sam68. Exons whose splicing depends on Sam68 were identified using splicing-sensitive microarrays (6, 8, 56) . Mouse N2A neuroblastoma cells were transfected with a plasmid expressing a Sam68 complementary shRNA (shSam68) or with an empty vector control plasmid. The shSAM68-treated cells exhibited a substantial loss of Sam68 expression (Fig. 1A) . RNA isolated from these and control cells was used to probe microarrays and analyzed as described previously (8, 56) . Significant splicing changes between the knockdown and the control were identified by comparing the log 2 ratios of the exon inclusion probe set and the exon-skipping probe set using twosample t tests. Exons were chosen whose t test indicated that the likelihood was less than 0.05 that the inclusion signals and the skipping signals were from the same distribution. The signals from these exons were further assessed for their likely false discovery rate (FDR) using BH-FDR analysis and then ranked by FDR value (see Materials and Methods) (8) . Of the 61 exons with an FDR value below 0.05, 35 exons showing the largest change were tested by RT-PCR. Of these 35, 24 exons were confirmed to show splicing changes by RT-PCR and were designated true positives (68.5%), and 14 exons (31.5%) showed no change by RT-PCR and were designated as false positives (Table 1) . To calculate the false-negative rate, 19 exons with FDR values greater than 0.05 were tested by RT-PCR. Six exons from this set showed changes by RT-PCR and were designated as false negatives (Table 1; see also Table S1 in the supplemental material). We also identified a set of transcripts whose overall expression was affected by Sam68 depletion, by performing one-sample t tests on the average log 2 ratios for the constitutive probes of each gene (see Table S2 in the supplemental material).
The RT-PCR validation of some of these exons is shown in Fig. 1 . Interestingly, some exons displayed increased inclusion upon knockdown of Sam68 (Sgce_2, Rev3l_1, Bin1_2, Clasp2_ 1, Ckap5_1, and Dncic2_1), indicating that they are normally repressed by the protein (Fig. 1B) . Other exons (Numa1_1, Ktn1_2, Kifap3_1, and Sorbs1_2) showed increased skipping upon Sam68 knockdown, implying positive regulation by the protein (Fig. 1C) . Of the 30 Sam68-regulated exons in this new set, Sam68 functions as an enhancer for 16 and a repressor for 14 exons. To assess potential off-target effects from the original shRNA, exons were also tested after Sam68 knockdown with a different shRNA (see Fig. S1 in the supplemental material). Although one shRNA had stronger effects on Sam68 expression and splicing, all the tested exons responded similarly to both Sam68 shRNAs, indicating that the number of off-target effects is relatively low. If Sam68 directly regulates splicing of these exons, the premRNAs containing them should have binding sites for Sam68. Selex experiments with recombinant Sam68 showed that the protein binds to a variety of A-and U-rich sequences, often including the motifs UAAA and UUUA (31) . The frequency of these two sequence motifs within the validated set of Sam68-regulated exons was compared to a control set of 8,995 constitutive exons. The UAAA motif was found to be enriched in the 500 nucleotides downstream of the Sam68 exons relative to the control exon set (Wilcoxon rank sum test, P ϭ 0.00017996). The UUUA motif was enriched both in the 200 nucleotides upstream (P ϭ 0.000913635) and in the 200 nucleotides downstream (P ϭ 0.011298) of the Sam68 target exons.
We also used the Improbizer algorithm to search more generally for motifs that were enriched in the SAM68-regulated exons and their flanking sequences (1, 2). The searched sequences included 500 nucleotides upstream and downstream of the exon, excluding 15 nucleotides of the 3Ј splice site and 6 nucleotides of the 5Ј splice site. These were compared to a control set of exons in transcripts whose expression was detected on the microarray but whose splicing did not change upon Sam68 knockdown. Two of the top five high-scoring motifs from this analysis were additional AU-rich sequences (UUUUAA and AUUUUU) that were enriched in the introns upstream of the Sam68-regulated exons compared to the control set. The similarity of these elements to the known Sam68 binding sequences and their presence adjacent to nearly all the exons altered by Sam68 knockdown indicate that most exons in the Sam68 target set are likely to be directly regulated by the protein. However, it is possible that some exons are affected indirectly through Sam68 effects on other factors.
Sam68 regulates splicing of sarcoglycan epsilon exon 8 by binding RNA. Demonstration of regulation by direct RNA binding by Sam68 requires detailed analysis of each exon. To examine Sam68 regulation of one exon in more detail, we chose epsilon-sarcoglycan (Sgce) exon 8, which exhibits a particularly strong increase in inclusion upon Sam68 knockdown (Fig. 1B) . Epsilon-sarcoglycan is an atypical component of the sarcoglycan complex involved in anchoring the dystrophin protein complex in the muscle cell membrane (44) . Mutations in human Sgce cause the movement disorder myoclonus dystonia, which often presents with a variety of psychiatric symptoms likely derived from a neuronal function of the protein in addition to its role in muscle (65) . There are several different splice variants of Sgce, including brain-specific transcripts that skip exon 8 (43) . Since knockdown of Sam68 resulted in increased exon 8 inclusion (Fig. 1B) , we tested whether overexpression of Sam68 would increase skipping. Indeed, transfection of N2A cells with a Sam68 expression plasmid repressed the inclusion of exon 8 in the endogenous Sgce mRNA by 13% ( Fig. 2A) . Thus, both increasing and decreasing Sam68 expression alters Sgce exon 8 inclusion.
To analyze sequence requirements for Sam68 regulation of Sgce exon 8, we constructed a minigene reporter construct containing the entire alternatively spliced exon 8 region of the Sgce gene with its flanking exons (Fig. 2B) . Upon expression of the minigene in HEK293T cells, we observed partial inclusion of exon 8 (63 to 70%), similar to the endogenous Sgce RNA (data not shown). Cotransfection of short hairpin (shSam68), or protein overexpression constructs (Flag-Sam68), recapitulated the splicing changes observed for the endogenous Sgce RNA in N2A cells (Fig. 2B) . Expression of Flag-Sam68 enhanced exon 8 skipping in a dose-dependent manner (Fig. 2C) , demonstrating that even modest changes in intracellular Sam68 concentration were sufficient to alter Sgce splicing.
To examine whether Sam68 regulates Sgce exon 8 splicing by binding to RNA, Sam68 mutants defective in RNA binding were tested. Two point mutations in the Sam68 KH domain, G178E and I184N, were previously shown to abolish its binding to a UAAA motif and are analogous to loss-of-function mutations in Caenorhabditis elegans Gld1 and human Fmr1 (15, a The ID is the exon identifier. P values were obtained with a t test (P values of less than 0.05 were considered significant). Difference is the difference between the mean log ratio of the inclusion and the skipping probes. The adjusted P value was obtained by BH-FDR analysis. Exons were considered to show a splicing change if the adjusted P value was less than 0.05. 27, 31) . Flag-tagged versions of G178E-or I184N-Sam68 were coexpressed with the Sgce minigene in HEK293T cells. Unlike the wild-type protein, neither the G178E nor the I184N mutants induced repression of the reporter exon, indicating that Sam68 RNA binding activity is needed for alternative splicing regulation (Fig. 2D) . Immunostaining with anti-Flag antibodies confirmed that both G178E and I184N exhibit diffuse nucleoplasmic staining similar to that of wild-type Sam68 (data not shown). Interestingly, expressing either of the RNA binding mutants induced greater exon inclusion than the empty vector control (Fig. 2B, lanes 1 and 2; compare with D, lanes 3 and 4). This is similar to what is observed after Sam68 knockdown and indicates that the mutant proteins likely possess dominant negative Sam68 activity. This suggests that in the absence of RNA binding, other domains of the mutant proteins remain functional and may compete with the endogenous wild-type protein for interactions with itself or with essential cofactors. Thus, in addition to RNA binding, Sam68-depen- To investigate the RNA elements involved in the regulation of Sgce exon 8 splicing, mutations in the Sgce reporter were constructed (Fig. 3A) . As seen with many functionally important alternative exons, the intronic sequences surrounding Sgce exon 8 are highly conserved across multiple mammalian species. These regions contain many putative Sam68 binding motifs. We deleted multiple UAAA/UUUA motifs present in the introns flanking the Sgce exon 8, many of which are conserved between the human and mouse Sgce genes. Individual deletions 1, 2, 3, and 4 show variable levels of basal exon inclusion, but all exhibit similar responses to cotransfected Sam68 ( Sequences of probes for regions 6-1, 6-2, and 6-3 and the Region 6-3 mutant that were used for the electrophoretic mobility shift assay. The element identified by Improbizer as enriched adjacent to Sam68 target exons is boxed; mutated residues are underlined. (C) Electrophoretic mobility shift assay results using Flag-tagged Sam68 and 32 P-labeled RNA probes corresponding to region 6-3, and the region 6-3 mutant (indicated at the top). (D) In lanes 1 to 8, 500 nM of Flag-Sam68 was used. Unlabeled cold RNA was used as competitor (30-fold or 80-fold excess over the labeled probe). (E) Coomassie-stained gel of the purified Flag-Sam68. inclusion and generally reduced the ability of Sam68 to repress exon inclusion. For example, combining deletions 1 and 2 yielded 100% inclusion without Sam68 but only 90% inclusion with Sam68 expression (Fig. 3 ; see also Fig. S2 in the supplemental material). These and additional results indicate that there is no single Sam68-responsive element that controls Sgce exon 8. Instead, these sequences are distributed across the intronic regions flanking the exon, as might be expected from the distribution of the UAAA/UUUA elements.
To further map elements that were responding to Sam68, we combined upstream deletion region 6 with downstream deletion 3. This reduced the response to Sam68 by about half compared to the deletion 3 construct alone (16% versus 33%) (see Fig. S2 in the supplemental material) . Thus, at least one Sam68-responsive element is likely in region 6, which contains several A-and U-rich sequence elements.
To demonstrate whether Sam68 binds to region 6, Flagtagged Sam68 was purified from HEK 293T cells and tested for RNA binding ( Fig. 3C and E) . Three different RNA probes (40 nucleotides), together spanning the entire region 6, were incubated with Sam68, and the resulting RNP complexes were resolved in gel shift experiments (Sgce region 6-1, region 6-2, and region 6-3) (Fig. 3B and C) . Only weak complexes were observed in gel shift assays with the region 6-1 and 6-2 probes (see Fig. S3 in the supplemental material) . However, region 6-3 formed several Sam68-dependent RNP complexes (I, II, and III). This probe did not show complex formation with mutant Flag-Sam68 G178E (data not shown). Region 6-3 has several A-and U-rich motifs, including two elements (AUUU UUUU and AUUUUU) that match one of the motifs identified by Improbizer as enriched in Sam68 target exons (Fig. 3B) . Introducing several U-to-G mutations into these elements abolished Sam68 complexes I and III and reduced complex II. Complex II may result from binding to other AU elements in the probe. The mutant probe also lost the ability to compete with the wild-type probe for Sam68 binding in complexes I and III (Fig. 3D, lanes 5 to 8) . Thus, Sam68 directly binds to AUUUU elements in Sgce region 6 and presumably to additional sites distributed along the Sgce transcript, as would be expected for a direct target of Sam68 regulation.
Sam68-dependent splicing during neurogenesis. Many exons change in splicing during neurogenesis due to changes in the expression of RNA binding proteins, such as PTB, nPTB, and others (8, 29, 37) . The Sam68 gene was shown to be induced during adult subventricular zone and olfactory bulb neurogenesis in mice (30) . Sam68 is primarily nuclear in neurons but has also been implicated in dendritic mRNA localization (21) . We find that Sgce exon 8 is repressed by Sam68, and in vivo this exon repression is specifically seen in the brain (43) . We thus wanted to test if neuron-specific changes in Sgce and other transcripts were in part due to changes in Sam68.
We examined the expression of Sam68 in P19 embryonal carcinoma cells induced to differentiate in the presence of retinoic acid (RA). Five days after induction, most cells had small, round cell bodies with extensive processes and expressed a variety of neuronal markers, including MAP2, TuJ1, Sox6, Sox11, and N-cadherin ( Fig. 4B and 5A , B, C, and E). Immunoblot analysis showed that Sam68 protein levels increase 2.5-to 3-fold upon P19 differentiation (Fig. 4B) . This increase was accompanied by changes in the splicing of multiple exons identified as Sam68 dependent in N2A cells (Fig. 4C ). Other exons affected by Sam68 overexpression or knockdown in N2A cells did not change during neurogenesis in P19 cells and are presumably affected by other proteins whose activities differ in the two cell lines.
To test whether Sam68 is required for P19 cell differentiation and/or for changes in the splicing of particular exons during this process, we infected P19 cells with a recombinant lentivirus carrying a Sam68-targeted shRNA (Fig. 5A) . This viral infection reduced Sam68 levels by 60 to 80% relative to a control virus (Fig. 5B) . P19 cells stably expressing the Sam68 hairpin failed to differentiate as indicated by the absence of neuronal processes and the lack of TuJl expression after RA treatment (Fig. 5A, bottom panel, and B) . Similar results were obtained with a second Sam68-targeted shRNA, indicating that they were not due to off-target effects of the shRNA (data not shown). In contrast, P19 cell lines generated with the empty vector control virus showed extended neurites and differentiated normally into TuJ1-positive neurons (Fig. 5A, top  panel) . Immunoblot analysis of TuJ1 confirmed that it is not expressed after Sam68 knockdown (Fig. 5B ). Other neuronal cell markers, including Sox6, Sox11, and N-cadherin, also failed to be activated in the Sam68 shRNA-expressing cells after RA treatment (Fig. 5C) . Similarly, mRNAs seen as Sam68 dependent on the microarray are also upregulated in P19 cells by RA-induced neuronal differentiation. These also failed to be induced after Sam68 depletion (Fig. 5D) . Depletion of Sam68 from P19 cells also affected the splicing patterns of Sam68 target exons. As seen for Sgce, exon 8 was not properly repressed in the Sam68-depleted P19 cells after RA treatment (Fig. 5D) . Thus, Sam68 is required for proper neuronal differentiation of P19 cells.
Since the Sam68-depleted cells do not differentiate after RA induction, the loss of splicing regulation observed for particular transcripts could result indirectly from the failure to proceed down this developmental pathway rather than the specific loss of Sam68 (Fig. 5A, B, and C) . We thus examined whether Sam68 expression also contributes to maintaining splicing patterns after differentiation. We infected P19 cells with the shSam68 lentivirus after they had differentiated and assayed them for splicing changes. Sam68 protein was reduced by 50% in these cells, but they continued to show neuronal morphology 5 days after infection and continued to express neuronal markers, including TuJ1, Sox6, Sox11, and N-cadherin (Fig. 5E) . RT-PCR analysis of several Sam68-dependent exons showed that Sam68 knockdown reversed the splicing change observed during differentiation (Fig. 5E) . Thus, Sam68 is required for maintaining these patterns of splicing even after differentiation.
To further evaluate the role of Sam68 in the context of neurogenesis, we used NPCs derived from mouse cortex at embryonic day 11.5. These multipotent neural progenitors can self-renew when cultured with bFGF2 but differentiate into neurons upon bFGF withdrawal (Fig. 6A and B) (8, 17, 18, 20, 24, 26, 50) . After explant and culture in vitro for 7 days, bFGF was withdrawn, and differentiation into postmitotic neurons was monitored by cell morphology and Tuj1 protein expression (Fig. 6A and B) . Similar to the observations in P19 cells, Sam68 expression increased about twofold after neuronal induction (Fig. 6B) . This differentiation also induced changes in the To test whether Sam68 overexpression could influence neuronal differentiation in this system, NPCs were cultured for 7 days in vitro and then transduced with a lentivirus-expressing Flag-tagged Sam68 (Fig. 6A and C) . Two days after transduction, neuronal differentiation was initiated by bFGF withdrawal and the cells were cultured for an additional 3 days. Overexpression of Sam68 led to a twofold increase in TuJ1 mRNA expression (Fig. 6D, right panel) . The number of infected cells exhibiting TuJ1 staining also doubled in the Sam68-overexpressing cultures compared to the vector control (Fig. 6C, bottom panel) . Overexpression of Sam68 also stimulated expression of mRNAs (Chl1 and Nav1) seen to be Sam68 responsive in the microarray experiment and again stimulated the neuronal splicing pattern of Sgce exon 8 ( Fig. 6B  and D) .
To examine the effect of Sam68 knockdown on NPC differentiation, cells in 7-day-old cultures were transduced with lentiviruses expressing shRNAs that target Sam68 or an empty vector control virus (Fig. 7A) . Two days after transduction, neuronal differentiation was initiated with bFGF withdrawal and the cells were cultured for an additional 3 days. Sam68 was depleted by 65% in the shRNA-expressing cells (Fig. 7B) . This Sam68 depletion significantly decreased the number of TuJ1-positive neurons in the culture (ϳ50%) (Fig. 7A and C) . The knockdown of Sam68 also reduced expression of TuJ1 mRNA as well as Sam68-dependent mRNAs compared to ␤-actin mRNA (Fig. 7D) . Sam68 knockdown again resulted in changes in the splicing of Sam68 target exons (Fig. 7E) . Thus, as seen for P19 cells, Sam68 is required for proper neuronal differentiation of NPCs in vitro.
DISCUSSION
Novel mRNA splicing targets of Sam68. We have identified a new set of target exons whose splicing is dependent on Sam68. This exon set will be very useful both for characterizing the mechanisms of Sam68 function and for understanding its biological roles. We also find that changes in Sam68 expression during neuronal differentiation affect a large number of specific splicing events. Sam68 controls splicing of some of these targets through direct binding to RNA elements, as seen with Sgce and CD44 (39) . Sam68 can also potentially modulate splicing through its interactions with other factors, such as PTB (unpublished data) or hnRNP A1 (45) . Either of these activities could be modulated in response to particular cellular stimuli.
Our analysis indicates that Sam68 regulates Sgce splicing by binding to numerous intronic regulatory elements distributed repression of Sgce exon 8 in response to Sam68 will be interesting to investigate with regard to its role in the sarcoglycan complex and myoclonus dystonia.
The functions of its target transcripts give important clues to the cellular processes in which Sam68 acts. One interesting example is Sorbs1 (Ponsin/SH3P12/CAP), which belongs to a family of adapter proteins containing a sorbin homology domain and three SH3 domains. Sorbs1 is widely expressed and interacts with the insulin receptor, Sos, flotillin, and focal adhesion kinase and functions in insulin signaling as well as in ephrin reverse signaling in neuronal cells (4, 14, 52) . Sorbs1 produces a number of splice variants. The exon inclusion stimulated by Sam68 creates an isoform containing a nuclear localization signal and part of a coiled-coil domain. How this splicing affects Sorbs1 activity is not clear, but it will presumably alter its intracellular localization. It is interesting that Sam68 itself is both phosphorylated by the insulin receptor and upregulated by insulin stimulation, in Another Sam68 target is kinesin superfamily-associated protein 3 (Kifap3/Kap3), which forms a heterotrimeric complex with kinesin intermediate filament proteins 3A and 3B (Kif3A and Kif3B). This complex plays a role in anterograde transport of membrane-bound organelles in neurons and other cells (25, 62) . The two different carboxy termini of Kifap3 arising from Sam68 regulation may allow recognition of different cargoes (57) . Interestingly, this C-terminal domain of Kifap3 is phosphorylated by BRK, which also targets Sam68 (34) . Thus, similar to Sorbs1 and the insulin receptor, Kifap3 is both a target of Sam68 splicing activity and a target along with Sam68 of a common upstream signaling pathway (BRK).
A third Sam68 splicing target is Numa1 (nuclear/mitotic apparatus protein, also referred to as centrophilin), which is a long coiled-coil protein with functions in the cell cycle. During interphase Numa1 plays a structural role in the nucleoskeleton, and during mitosis it is associated with spindle microtubules (12, 58, 64) . Numa1 is also a component of somatodendritic microtubule arrays in postmitotic neurons, where it appears as small somatodendritic particles that increase in number during dendritic maturation (19) . Numa1 has multiple spliced isoforms, and it is not yet clear how these isoforms may differ in activity.
Another interesting transcript whose expression decreases upon Sam68 knockdown is Chl1 (close homolog of L1). Chl1 is a transmembrane cell adhesion receptor shown to promote neurite outgrowth and branching (23, 42) . Mice deficient in Chl1 display alterations in motor coordination (49), a defect recently associated with ablation of Sam68 in mice (35) .
Sam68 as a modulator of neuronal differentiation. We found that the loss of Sam68 in P19 cells eliminates their ability to form neurons. Similarly, Sam68 knockdown in neuronal progenitor cells reduces the number of TuJ1-positive neurons that differentiate in the culture. However, Sam68 null mice do not show a neurogenesis defect but instead show defects in bone mesenchymal cell differentiation (53) . Only about onethird of Sam68 Ϫ/Ϫ mice survive to adulthood, with the survivors showing defects in motor coordination (35, 53) . Sam68 is widely expressed and plays roles in multiple cell types. It is possible that the neurogenesis defect we observed in vitro results from the loss of a general function that is not specific to neurons, possibly through Sam68 effects on the cell cycle (16) . Alternatively, it may be that in vivo other Sam68 family members, such as Slm-1 and Slm-2, can substitute for Sam68 during neurogenesis. Interestingly, recently Sam68 overexpression was shown to cause a significant reduction in cell proliferation in neural stem cell cultures (40) .
We found that Sam68 protein upregulation upon P19 or NPC differentiation affects the splicing and/or expression of a variety of transcripts. Genes carrying Sam68 target exons are involved in a variety of cellular processes important in neurogenesis, including cytoskeletal organization (Numa1, Clasp2, and Sgce), organellar biogenesis and transport (Bin1, Ktn1, Kifap3, and Opa1), and synaptogenesis (Cadm1, Dlgh4, and Sorbs1). Thus, although it may not drive the differentiation, Sam68 is another RNA binding protein involved in defining the differentiated state of the neuron through its effects on splicing and other processes of mRNA metabolism. It will be interesting to examine the splicing of the Sam68 targets identified here, such as Sgce, in Sam68 null mice. Besides its effects on splicing, the loss of differentiation seen with Sam68 knockdown could result from the loss of the cytoplasmic functions of the protein. Although primarily nuclear, Sam68 can be found in the soma and dendrites of neurons in the hippocampus and cortex, where it cosediments with polysomes and binds to specific mRNAs (21) . In the future it will be important to understand how this protein can coordinate splicing of certain premRNAs in the nucleus and then follow these RNAs to the cytoplasm to interact with a variety of signaling pathways.
